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Abstract — This paper reports the temperature-dependent 

ferroelectric properties of sputtered ferroelectric Al0.70Sc0.30N. 

The coercive field is experimentally demonstrated to decrease 

by 1.5 MV/cm in 300 nm films in the temperature range of 20–

193 0C, corresponding to an average linear coefficient of 

decrease of 8.8 kV/0C. In the same range, the remnant 

polarization varies by 23.5% between 90-114 µC/cm2 without a 

significant drop-off at higher temperatures. Thermally cycling 

the chip between room temperature and the highest achievable 

temperature of 193 0C shows a reversible tuning of the coercive 

field, paving the path towards on-chip ovenization-based 

control of ferroelectric properties. The dielectric breakdown 

under AC and DC testing are driven by filamentary and 

thermally driven breakdown processes respectively. These 

breakdown processes suggest the potential for high frequency 

operation of sputtered Al0.70Sc0.30N as a ferroelectric thin film 

at elevated temperatures with low leakage. 
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I. INTRODUCTION 

Thin-film aluminum nitride (AlN) has been enabling to 
the RF filter technology for the past two decades, owing to 
the high Figure-of-Merit Q*kt

2 for AlN film bulk acoustic 
resonator (FBAR) device [1]–[3]. To increase the 
electromechanical coupling coefficient (kt

2) for larger 
fractional bandwidths of RF filters, scandium-doped AlN 
(Al1-xScxN) has been proposed which can increase the 
piezoelectric coupling by as much as a factor of 4 for x = 0.4, 
with experimental demonstrations of RF resonators 
confirming these predictions [4], [5].   

Recently, Fichtner et al. have shown that highly doped 
Al1-xScxN with 0.27 < x < 0.43 is ferroelectric with a box-
like polarization vs electric field (PE) loop and remnant 
polarization Pr of 80-100 µC/cm2, which is attractive for 
applications in reconfigurable filters, memory devices and 
analog computation [6]. Ferroelectricity has since been 
demonstrated in highly-doped Al1-xScxN films with thickness 
500 nm down to 20 nm, and with Sc-doping as low as 10% 
[7]–[9]. A major challenge with the device integration of Al1-

xScxN is the relatively high coercive field EC in the 4-7 
MV/cm range for ferroelectric switching, which necessitates 
large on-chip voltages. Efforts to engineer a lower EC have 
focused on tuning film stress, temperature control via in situ 
heating and introduction of alternative dopants such as boron 
[10]–[12].  

Established ferroelectric materials such as hafnium 
zirconium oxide and lead zirconate titanate (PZT) have been 
previously shown to achieve lowered coercive fields at high 
temperatures due to a reduced energy barrier for switching 
[13], [14]. Preliminary reports on the temperature-
dependence of ferroelectricity in Al0.70Sc0.30N have shown a 

similar reduction in EC [11], but have not identified the 
impact of thermal cycling on ferroelectricity as well as 
dielectric breakdown properties. This paper systematically 
studies the effect of temperature on the ferroelectric 
properties of Al0.70Sc0.30N and reports on the lowered values 
of EC at temperatures up to 200 0C without a substantial 
change in Pr. The paper also explores the temperature-
dependence of the dielectric breakdown field EBD in the 
ferroelectric material with both AC and DC IV testing. 

II. FABRICATION AND EXPERIMENTAL SETUP 

A. Al0.70Sc0.30N Deposition and Material Characterization 

300 nm ferroelectric Al0.70Sc0.30N thin film was deposited 
by reactive co-sputtering on a 200 nm molybdenum (Mo) 
continuous bottom electrode in an OEM Endeavor PVD 
cluster tool that has a dual-target S-gun magnetron [15]. 
Both, the Al0.70Sc0.30N and the Mo, were templated on 30 nm 
AlN seed layers as templates to promote a c-axis oriented 
growth in the Al0.70Sc0.30N. A high degree of crystallinity 
was confirmed in the Al0.70Sc0.30N film with an X-ray 
diffraction (XRD) Omega-scan that had a full width half 
maximum (FWHM) of 2.10 (Fig. 1A). 200 nm of aluminum 
was then deposited and patterned to form the top electrode 
for the ferroelectric capacitors. 

B. Experimental Setup 

Fig. 1B shows a schematic of the experimental setup used 
for temperature-dependent characterization of ferroelectric 
properties. An etch chemistry to pattern Al0.70Sc0.30N was not 
available at the time of this report, so a “top electrode only” 
probing configuration was used. The input waveform was 
applied to a circular electrode of 40 µm diameter (probe 1) 
and the sense current was measured from a much larger 
electrode of 30 µm x 1800 µm (probe 2) which was shorted 
to the bottom Mo via dielectric breakdown of the 
Al0.70Sc0.30N under it. The effective capacitor in this 
configuration is the vertical capacitor between the 40 µm 
electrode and continuous bottom electrode, because of the 
disparity in the size of the areas. A Thorlabs HT19R ceramic 
heater (rated for a maximum power and temperature of 24W 
and 400 0C respectively) was used for in situ temperature 
control and a TH100PT resistance temperature device (RTD) 
was bonded with thermal epoxy to monitor and characterize 
the stage temperature as a function of input power to the 
heater (Fig. 1C). The chip temperature T vs. heater power Pin 
has a linear fit with the dependence given by: 

 T = 14.4Pin + 23.7 (1) 

The maximum temperature achieved was 193 0C, which is 
below the maximum rating due to conductive losses to the 
stage used for mounting the device, which has a high thermal 
mass. The Al0.70Sc0.30N capacitor was connected in a Sawyer-
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Tower circuit [16], driven by an arbitrary waveform 
generator, to generate the positive-up-negative-down 
(PUND) waveforms (Fig. 1D) with equal rise, fall, and wait 
times for continuous wave (CW) operation. The signal was 
amplified with an EPA-102 piezo amplifier with a maximum 
output voltage of ±200V over a 250 kHz bandwidth. The 
polarization current on the P and N cycles was extracted by 
subtracting the leakage currents on the U and D cycles 
respectively, to calculate the switching current density as a 
function of E-field and extract the PE loop.  

 

Figure 1: A). XRD Omega-scan of Al0.70Sc0.30N with FWHM of 2.10. B). 
Experimental setup for temperature-dependent characterization of 
ferroelectricity with top electrode only probing. C). Calibration of ceramic 
heater and chip temperature T (in 0C) as a function of input power Pin (in 
W). D). Representative applied voltages for positive-up-negative-down 
(PUND) cycles, and sense output current, which has contributions from both 
the switching charge and the leakage current. 

III. EXPERIMENTAL RESULTS 

 

Figure 2: A). Switching current density J vs. E-field at 3 kHz switching pulse 
frequency for temperatures from 20–193 0C. B). PE loops show a monotonic 
decrease in the coercive field EC at successively higher temperatures. C). 
Linear regression fits for the positive and negative intercepts (ECP and ECN) 
of the coercive field vs temperature with coefficients of –8.7 and –8.9 kV/0C. 
D). Remnant polarization Pr vs. temperature does not show significant 
variation and has a non-monotonic trend due to contributions from leakage 
currents. 

A. Temperature-dependence of EC and Pr 

Fig. 2A plots switching current density J versus input E-
field with a PUND input and pulse frequency of 3 kHz (trise 
= tfall = twait = 83 µs). Both, the peak value of J and the E-
field at which the peak is observed, monotonically decrease 
at successively higher temperatures due to the reduced 

coercive field and the corresponding decrease in the 
switching current for the same polarization charge. The 
reduction in EC is confirmed with PE loops (Fig. 2B) for both 
the positive and negative pulses. Fig. 2C shows a linear 
regression fit for the magnitudes of the positive and negative 
intercepts of coercive field (ECP and ECN) in MV/cm vs. 
temperature as:  

 ECP = 4.69 – 8.7 x 10-3T (2) 

 |ECN| = 4.34 – 8.9 x 10-3T (3) 

The average value of the coefficient for E-field scaling with 
temperature is –8.8 kV/0C, in the range of temperatures 
tested. Pr varies between 90-114 µC/cm2 and has a non-
monotonic trend due to contributions from the leakage 
current in the measurements (Fig. 2D).  

B. Temperature Cycling 

To study the reversibility of ferroelectric properties under 
temperature cycling, the wafer was cycled between room 
temperature (20 0C) and the highest achievable temperature 
with the setup (193 0C). Fig. 3A shows the switching current 
density vs E-field for 3 such cycles. The wafer was allowed 
to thermally equilibrate at each temperature and the J vs E 
plot and PE loops were obtained after stabilization for > 
1000 cycles under CW PUND operation.  There is a clear 
split between the room temperature and high temperature 
operation with repeatable behavior at each temperature. The 
PE loops (Fig. 3B) show that EC can be reversibly tuned by 
up to 1.5 MV/cm in this range of temperatures without a 
substantial change in Pr, thus demonstrating the capability of 
reversible on-chip control of coercive field in Al0.70Sc0.30N 
by in situ heating. Both ECP and ECN can be tuned in this 
manner (Fig. 3C). Pr is also observed to have a variation of ~ 
15 µC/cm2

 with two distinguishable levels at 20 0C and 193 
0C but the split in values is reduced due to contributions from 
the leakage current (Fig. 3D). 

 

Figure 3: A). Overlay of switching current density J vs. E-field for 3 
temperature cycles between 20 0C and 193 0C. B). PE loops showing a 
reversibility in coercive field tuning between the two temperatures. C). 
Reversible cycling of ECP and ECN with 1.5 MV/cm tuning in the temperature 
range D). Pr shows distinct levels at the two temperatures but contributions 
from leakage current confound the measurements. 

C. Al0.70Sc0.30N Breakdown Field 

The dielectric breakdown field EBD in Al0.70Sc0.30N was 
studied with continuous wave AC PUND E-field switching 
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as a function of temperature, with a different electrode used 
for each measurement due to the destructive nature of the 
breakdown. The breakdown is identified as a shorting of the 
drive electrode to the bottom Mo.  A typical post-breakdown 
resistance of < 20Ω was observed. Fig. 4A shows that EBD is 
~5 MV/cm from 20-120 0C and does not decrease with 
temperature, unlike EC. In fact, EBD marginally increases to 
6.6 MV/cm at 160 0C. However, this breakdown is 
filamentary and chemical in nature, as indicated by the 
absence of visible damage to the ferroelectric capacitor or 
electrodes. A caveat in this measurement is that it does not 
fully quantify the leakage current, so a DC IV test was 
conducted to monitor leakage current vs input E-field for 
three different temperatures (Fig. 4B), which shows that the 
DC current density for a given E-field increases with 
temperature. Additionally, DC breakdown is a thermally 
driven process that leads to ablation of the metal electrode 
and produces an open circuit, unlike the AC measurement. 
This distinction between AC and DC breakdown could be 
potentially harnessed for high frequency ferroelectric 
switching at higher temperatures that can minimize damage 
to the ferroelectric and reduce the impact of leakage.  

 

Figure 4: A). Dielectric breakdown field EBD observed during continuous 
wave (CW) AC PUND switching. Microscope images of tested capacitors 
show minimal damage owing to the filamentary breakdown that shorts the 
top and bottom electrodes. B). DC I-V leakage current at three different 
temperatures showing increased leakage at higher temperatures. 
Microscopic images show thermal ablation of electrodes caused by 
destructive breakdown producing an open circuit. 

CONCLUSIONS 

The ferroelectric properties of 300 nm Al0.70Sc0.30N were 
measured over the range of temperatures from 20-193 0C 
with a top electrode probing configuration. The films showed 
a monotonic reduction in coercive field from 4.3 MV/cm to 
2.6 MV/cm with increasing temperatures, demonstrating a 
path towards low-voltage device operation. In the same 
range, the remnant polarization varied non-monotonically 
between 90-114 µC/cm2 with variations due to leakage 
current contributions at higher temperatures. We have also 
demonstrated the reversible on-chip control of coercive field 

by cycling the chip between the lowest and highest 
temperatures. Distinct mechanisms of AC and DC 
breakdown in the samples indicate that high frequency high 
temperature ferroelectric operation of Al0.70Sc0.30N can 
reduce the coercive field and leakage current while 
mitigating the chances of thermally induced breakdown in 
the film.  
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